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Abstract - Cadniun boracita slngla crystals at high 
tenparaturas (<^ 300*C) «ere found to exhibit a 
revarsihla electric field-induced traasition between 
a highly insulatise and a conductive state. The 
airitchins threshold is snaller than a few volts for 
an electrode spacing of a few tenth of a nilliaieter 
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corresponding to an electric field of 10 10 V/cn. 

This is iBuch sanller than the dielectric break-down 
field for an insulator such as boracite. the insula- 
live state reappears after voltage reaoval. A pulse 
technique revealed two different types of switching. 
Unstable switching occurs when the pulse voltage 
slightly exceeds the switching threshold and is charac- 
terireo by a pre-switching delay and also a residual 
current after voltage pulse renoval. A stable type of 
switching occurs when the voltagi becoaes sufficiently 
high. Possible device applications of this switching 
phenoeenon are discussed. 

Introduction 

A series of coapounds having a cheaical focaula 

(M « divalent aetal, X - halogen) have been 

known to be isostructural with the mineral aagnesiua 
chlorine boracite (Hg^B^Oj^jCl) . These coapounds 

have an orthorhoabic -Pea structure at room tea- 
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perature and transfora to a cubic T\-F43c structure 
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at a higher ceaperature. Extensive investigations 
of physical properties of boracite impounds were mnde 
in the past and some boracites were found to be ferro- 
electric and ferroaagnetlc siaultaneously at low 
"eaperatcres. Recently, we have successfully gro«m 
single crystals of Cd boracites, Cd^B^Oj^^X; X - Cl or 

Br, by a chemical vapor transport method. The 
crystallographic transition teaperatures were 520 + 

5'C for the Cd-Ci boracite and 430 + 5*C for the Cd-Br 
boracite. During aeasureaents on these crystals, we 
found that the crystals abruptly becaae conductive 
when a dc bias voltage was applied at above 300’C, 
temperatures considerably below the transition tem- 
perature. The switching was reproducible and closely 

resembled that observed in chalcogenide glasses. 
However, the critical field strength required for such 
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switching (10 'v 10 V/ca) was at least one or two 
orders of magnitude smaller than that In the case of 
aaorphous semlconducturs. The results of dc and pulse 
aeasureaents of this Interesting switching phenomenon 
are described below. Possible device applications of 
Chir phenomenon will also be discussed. 

S aaple Preparation and Measuring Technique 

The Cd boracite crystals were grown by a method 
described elsewhere. The crystals (max. edge length 
'“5 mm) were cut into slices having a simple crystallo- 
graphic face such as (100), (110), and (111) in 
pseudo-cubic Indices. Each slice was ground and 
polished with diamond paste. . Electrodes of Au/Cr film 
were evaporated. The Cr inner layer adheres rigidly 
to boracite surface to make a good supporting film for 
Che Au overlayet. Gold lead wires were attached to the 
electrodes with Ag-conduccing paste. In the dc 
aeasurements, the sample was connected in series with 

a large protective load resistance (10 'v 100 KO) . 

A voltage across Che sample (X) and a current through 
the load resistance (T) were' recorded on an X-Y 


recorder. 

In the pulse aeasureaents, the pulse generator (Toyo 
Telesonics) was capable of delivering e square pulse of 
nsxiBUB amplitude 10 V with various pulse lengths (1 
Msec “w 10 nsec) and pulse repetition rates (single 

sweep 'wlO^ pulses/sec). Both the dc pulse and the 
current through s 50 KQ load resistance mere recorded 
a storage oscilloscope (Tektroolx type 564). 

DC Messureaent 

When a crystal was hen ted to above a certain critical 
temperature T^, Che ervseal could be made conductive 

upon Che application of a dc voltage. Figure i is a 
schematic illusLrr Ion of current -voltage characteris- 
tics for such switching. As can be seen, the switching 
is symmetrical with respect to voltage polarity. 

Before switching, the current is determined by the 
sample resistance since it is much larger than R^. 



Fig. 1. dc current-voltage characteristics of a 

Cd-X boracite crystal (X « Cl or Br) at T > T . 
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After the threshold is exceeded, a negative resistance 
region appears. In the 'on* scat.j, the dynamic resist- 
ance of the sample dV/dl takes a small positive or zero 
value. Un’lke the case of threshold switching in 
amorphous semiconductors, there does not exist a criti- 
cal current, or a so-called holding current at which 

the samrie abruptly switches back vo the 'off state. 

It seems that tne sample graduully returns to the 'off 
state as the current Is decreased. Therefore, the 
sample resistance in the 'on* state cannot be clearly 
defined. The threshold voltage is dependent upon 

temperature and deer- with teoverature increase. 

In Fig. 2, the temperature variation of V . for Cd-Cl 
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boracite sandwich electrode sables of "two different 
thickness are shown. Figutw- 3 is a similar result for 
a Cd-Br boracite sandwich electrode sample tliat shows 
the presence of temperature hysteresis on cooling. An 
apparent critical xanperature T , obtained by e.-rtra- 

polating to infinity, is cependent upon saaple 
thickness. Tht- rhlckei^the sample, the higher T^. The 
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threshold voltsge Is not s llnesr function of 

thickness; the critical iteld Increases with thickness, 

Ihe V . vs ceap?rature cur\'e does not show any anoealy 
th 

at the crystallographic transition teaperature T at 


tr 


which the peculiar twin 
It 


tllar structure disappears. 


10 


y t,e pointed out tliut lot thinner saaples Is 

Indeed very close to the Inflexion reeperature which 
appeared In differential theraal analysis (DTA) curves 
oi the crystal which are believed to show the exist- 
ence of a higher order phase transition. Much the 
saae results were obtained In the case ot coplanar 
electrode saa^>les. 



Tanpaolire (*Ct 


Fig. 2. Thrcs..old voltage V , .is a function of tem- 
perature for two Cd-Cl boracite sandwich electrode 
samples with different electrode spacings. 
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rig. 3. Threshold voltage V, as a function of 
teaperature for a Cd-Br boradlte sandwich electrode 
saaple. 

When a saaple la kept In the 'on' state at a certain 
teaperature, stabilisation of the conductive state 
seeas to set In, That la. If the 'oc atata Is main- 
tained for a abort time, V aeasured lassadlately 
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aftervarda la considerably aasller than Its previous 


value. After repeated switchings, the 'on' state Is 
teaporarily stabilized; The stabilization of the 'on' 
state, or 'memory switching,' is always preceded by 
threshold switching in Cd boracltes. Just as In the 

case of aeaory switching in chalcogenlde glasses. 

Th<‘ stabilized 'on' state In Cd boracltea eventually 
returns to the 'off state after the removal of a dc 
voltage. Coaplete recovery requires times ranging 
froa seconds to hours. The occurrence of stabilization 
of an 'oil' state makes Interpretation of dc measure- 
ments somewhat ambiguous. Accordingly, pulse 
acasureaents were carried out with results as next 
discussed below. 


Pulse Experiments 

Threshold switching was clearly observed In the 
pulse experiments. The crltlc.jl teaperature for 
switching was comparable to that observed In the dc 
experiments. However, there occurred several ocher 
peculiar phenomena not observed In the dc experiments. 

TVo different types of switching were distinguished 
In Che pulse experlaents. The first type appears near 
the voltage switching threshold and Is characterized 
hy a time delay before switching and by an unstable 
c.irrent. There also exists residual current after the 
pulse Is removed. In Fig. 4, an example of such 
'unstable' switching is shown. The photograph was 
taken by multiple exposures at various pulse voltages. 



Fig. 4. Scope trace of ur.stable switching pulse 
'-lultlple exposure). Cd-Br boracite sandwich elec- 
trode sample with electrode spacing 0.38aa; voltage 
(upper trace) of 2V/div; cur'enc (lower trace) of 
40uA/div; tine of 2 tisec/div; single sweep trace; 
and temp of 340* + 2*C. 


As can be seen, the delay time shortens as the voltage 
Increases. After Che removal o( the pulse, the current 
disappears with a decay ciae of IS v 20 usuc. An 
example of such a decaying current is shown In Fig. S. 
When Che applied voltage becomes much larger than the 
threshold voltage for unstable switching, the switching 
begins to take place with almost no delay. The current 
is stable and disappears instantaneously after the 
removal of voltage (Fig. 6). Typical threshold voltage 

values for unstable switching V (USSV) and threshold 
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voltage values for stable switching V (SSU) for varl- 

th 


ous pulse lengths are shown In Table I. These voltage 
data were taken under constant duty operation, l.e., 
pulse length (sec) X pulse repetition (sec~^) ■ 0.1. 

As can be seen, both V^^^'s increase as the pulse length 


decreases. V (SSU) is at least 3 4 tls 

Ch 


:s V . (USSW). 
Ch 


When Che applied voltage Is kept constant, there exists 
a critical pulse repetition rate at which unstable 
rwltchlng takes place. The critical pulse repetition 
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race increases with decreasing pulse length as expec- 
ted. In all cases, little or no stabilization effect 
was observed after repeated applications of voltage 
pulses. 



Fig. S. Scope trace of unstable switching pulses. 
Cd-Cl boraclte sandwich electrode saaple with elec- 
trode spacing of Q.iSami voltage (upper trace) of 
5V/dlv; current (lower trace) of 40 uA/dlv; tlae of 
5 usec/dtv; pulse repetition rate of 2 KPPS; and 
temp of 145* + 2*C. 



Fig. 6. Scope trace of stable switching pulses. The 
saaple Is the same as in Fig. 5 with voltage (upper 
trace) of 2V/dlv; current (lower trace) of 40liA/dlv; 
time of 5 usec/dlv; pulse repetition rate of 10 KPPS; 
and tejip of J45' + 2'C. 


Table I 

V^l^'s for Constant Duty Operation 


Pulse Width 
(seel 

Pulse 

Repetition 

(Pulses/sec) 

V ^(USSW) 
th 

(V) 

Vth(SSW) 

(V) 

lO'*' 

10^ 

2 

7 a. 8 

lo"'' 

10^ 

1.2 

3 

10-‘ 

10^ 

0.2 n, 0.4 

4 

lO"' 

10^ 

0.2 n. 0.3 

4 

lo"^ 

10 

0.2 n. 0.4 

3 


Sample: Cd-Cl boraclte (001) cut, 0.48 mm thick, 
T - 340 + 2"C. 


Throughout the present switching experiments, dc or 
pulse, the aforementioned switching characteristics 
changed little with crystallographic orientation of 
the sample. 

In the present experiment, Au lead wires were 
attached to the sample with Ag-conductlng paste. In 
this case, a Ag-boracite contact is presumably formed 


at high temperatures by the diffusion of Ag through 
the Aii/Cr film. It was found that the sample did not 
switch when a Au lead wire was thermally bonded onto 
the Au/Cr film. It seems that Ag Is Indispensable to 
form a good electric contact to a boraclte crystal. 
However, little is understood about the electrode 
effect as well as the switching phenomenon In general 
at present. Several mechanisms that had been proposed 
to account for the other switching phenomena have been 
discussed In connection with the switching In Cd- 
boracite crystals elsewhere.*^ 

Device Applications 

A number of functional devices can be fabricated by 
making use of the newly found threshold switching In 
Cd-boracite single crystals. Since the switching takes 
place only at high temperatures 300*0, such devices 
may be found to be useful In the fields where a high 
ambient temperature or a lack of workible heat sink 
prevents the use of ordinary solid state devices. Such 
devices Include: 

1. Current controlling devices having .lon-blocklng 
Ag electrodes for dc, dc pulse and ac circuits 
(s)-nsetr!c devices). 

2. Current controlling devices having one blocking 
and one non-blocking electrode (asymmetric devices). 
Such asymmetric electrode devices can be used In a 
logic circuit for dc and dc pulse voltages. 

3. Current rectifiers for low frequency ac. 

Since the operative principle of devices of first 

and Second categories arc obvious from the foregoing 
discussion, onlj the current rectifiers will be des- 
cribed In sume detail. Figures 7 and 8 show the 
circuits for half-wave and full-wave rectifiers, res- 
pectively. The half-wave rectifier of Fig. 7 consists 
of an ac source, a load resistance a blocking 

capacitance C , a boraclte crvstal element, and a dc 
o 



Fig. 7. Circuit of half-wave boraclte rectifier. 



Fig. 8. Circuit of full-wave boraclte rectifier. 
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control circuit. The boracite eleaent In this case 
can be either a synaetrlc or asymaetrlc device. The 
dc control circuit consists of a variable dc voltage 
source and a large protective i.!slstance to block 

ac current. When a snail ac voltage Is applied 
followed by a dc voltage, a regulated current begins 
to flow at a critical dr voltage. Figure 9 shows a 
scope trace of such a regulated current. Because of 



Fig. 9. Scope trace of ac half-wave rectified current. 
Cd-Br boracite sa.idwich electrode saaple with elec- 
trode spacing - 0.30nn, t ■ 100 Jl, R • lOOKSl, C • 

10 up. 8.0V, and tenp - 395* + P2*C. Ac recti- 

fied current (upper trace): O.OSV/dlv. Applied SOHz 
ac voltage (lower trace): O.SV/dlv. Time: 5msec/dlv. 

the threshold switching characteristics of boracite 
crystal, the current appears in the form of regularly 
repeated pulses. The direction of current is reversed 

when the polarity of dc voltage (V ) Is reversed. For 

dc 

stable operation of the half-wave rectifier, an upper 

Unit (naxlauji) exists for both and V . For V, , 

dc ac dc 

It is about ten tines the minimum voltage. The maxiimim 

of V is much smaller than that of V . . The bias dc 
ac dc 

voltage, both minimum and maximum, required for the 
rectifying effect to take place Increases with Inert. is- 
Ing current or power in the ac circuit. This observa- 
tion cannot be explained but It seeu that the response 
of the Cd boracite element Is different when ac and dc 
are applied simultaneously as compared to the case of 
dc or ac used alone. 

The full-wave rectifier of Fig. 8 consists of an ac 
source, a load resistance R^, two blocking capacitances 



Fig. 10. Scope trace of ac full-wave rectified current. 
Cd-Br boracite coplanar trielectrode sample with 
electrode spacing ” 0.20m; Rj^'lOOR, R •lOOKil; 


•lOUF; V^^«15V; and temp 


301* -r 2*C. 


* boracite clement, and a dc controlling 

circuit. Tlie boracite element In this rectifier has 
three electrodes. In Fig. 8, the twu .'Ide electrodes 
arc positively biased with respect to the middle one. 

The current through R^ will be 1^^ in the first half cycle 

of ac and I2 In the next half cycle so that the full- 

wave rectification will be completed. The direction 
>f current through R^^ leverses when the polarity of 

side and middle electrodes Is reversed. Figure 10 
sliows a scope trace of such a rectified :urrent 
obtained by the circuit of Fig. 8. As In the case of 
half-wave rectification, the minimum dc bias voltage 
Increased with Increasing sc voltage. 

The above examples are illustrative of potential 
usefulness. Other circuit applications of the Cd 
boracite switching devices seen possible. 
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Ac rectified current (upper trace): O.lV/dlv. Applied 
50 Hs ac voltage (lower trace): O.SV/dlv. 
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